Introduction {#S0001}
============

Hypertension is a growing global health concern. As the worldwide prevalence of hypertension increases, so too does the burden of excess disease attributable to hypertension including coronary artery and cerebrovascular disease.[@CIT0001] Within this category of patients is a subgroup identified as having resistant hypertension. They face a disproportionate burden of associated complications and pose distinct challenges in treatment.[@CIT0002] Recent efforts have sought to optimize establishing the diagnosis of true resistant hypertension, improve existing management methods, and attempt to develop novel technologies in the treatment of resistant hypertension.

Definition {#S0002}
==========

Resistant hypertension is defined by the American College of Cardiology and American Heart Association as blood pressure (BP) that remains above goal despite use of three maximally titrated anti-hypertensive medications including a diuretic.[@CIT0002] As a corollary, it also includes those hypertensive patients who require 4 or more agents for adequate BP control. These agents typically include a calcium-channel blocker, a renin-angiotensin system inhibitor, and a diuretic at maximal or maximally tolerated doses. Apparent resistant or pseudo-resistant hypertension refers to hypertension that meets the above criteria but is the result of inadequate medication adherence or inaccurate blood pressure measurement.

Epidemiology {#S0003}
============

Estimates of the prevalence of resistant hypertension have varied widely, with reported figures ranging from 2% to 40%.[@CIT0001],[@CIT0003] Efforts to quantify the burden of resistant hypertension are hampered by variations in the definition of resistant hypertension. Additionally, simple measures of prevalence fail to account for errors in blood pressure measurement or apparent resistant hypertension as a result of medication non-adherence. Unsurprisingly, the prevalence of resistant hypertension rises when more stringent blood pressure targets are applied, such as the 2017 American College of Cardiology/American Heart Association guidelines.[@CIT0004]

Resistant hypertension is associated with multiple adverse long-term consequences. Data from the ALLHAT trial showed that apparent resistant hypertension was associated with an adjusted hazard ratio of 1.44 for coronary artery disease, 1.57 for stroke, 1.88 for heart failure, 1.95 for end-stage kidney disease (ESKD), and 1.30 for all-cause mortality.[@CIT0005] Similarly, a large meta-analysis also found significant increases in the rate of resistant hypertension in patients with coronary artery disease and chronic kidney disease compared with the general population.[@CIT0006] Over a period of 5 years, de Beus and colleagues found that in patients with chronic kidney disease-resistant hypertension is linked to a 1.5-fold greater risk of adverse cardiovascular outcomes and 2.3-fold increase in progression to ESKD.[@CIT0007]

Pathophysiology {#S0004}
===============

Hypertension arises from dysfunction of various mechanisms which maintain blood pressure homeostasis. This includes disproportionate renal activation of the sympathetic nervous system leading to an increase in renin release from the juxtaglomerular apparatus in the kidney which increases both sympathetic and renin-angiotensin aldosterone system activation resulting in inappropriate intravascular volume retention, vasoconstriction and increased cardiac contractility resulting in an increase in blood pressure.^8^ Excessive dietary sodium intake plays an important role in hypertension and causes an increase in BP due to salt sensitivity particularly in black, elderly and diabetic patients. There may also be inadequate natriuresis in patients who are not particularly salt sensitive or do not have excessive sodium intake. The role of excess aldosterone is key in exacerbating hypertension particularly in patients with resistant hypertension who have been shown to have excess levels of aldosterone when compared to controls with normotension or hypertension controlled with ≤2 anti-hypertensive agents.[@CIT0009],[@CIT0010] A recent study found that elevated aldosterone levels, independent of renin levels, corresponded to worsening hypertension across all stages of hypertension severity[@CIT0011]. These findings suggest that excess aldosterone contributes to the pathophysiology of hypertension even in patients with "essential" hypertension who do not meet the criteria for primary hyperaldosteronism. These factors can be further compounded by intrinsic renal dysfunction in the presence of chronic kidney disease.

Diagnosis {#S0005}
=========

Once the initial diagnosis of resistant hypertension has been made based on the above definition, it is vital to distinguish patients who have apparent resistant hypertension. A diagnosis of resistant hypertension cannot be made without accurate measurement of blood pressure. Errors can arise both from measurement techniques and discordance between in-office and out-of-office blood pressure readings. Patients with apparent resistant hypertension must also be evaluated for medication non-adherence.

While measurement of in-office blood pressure is a ubiquitous feature of outpatient clinical medicine, accuracy is far from assured. Inadequate technique is an important source of error, but even accurately obtained in-office blood pressure may be misleading in the presence of white-coat or masked hypertension.[@CIT0012],[@CIT0013] We recommend using automated office blood pressure (AOBP) using a standardized technique with a validated device over manual auscultatory or a single oscillometric technique. AOBP has the capability to record multiple BP readings after a rest period with a single activation and provides an average of 3--5 readings (depending on how the machine is set up). It is not necessary to discard the first reading and can be performed attended or unattended.[@CIT0013] Ambulatory blood pressure monitoring (ABPM) over a 24-h period ideally should ideally be used to further mitigate errors and verify the diagnosis of resistant hypertension. As ABPM may not always be available or feasible, self-performed home blood pressure monitoring is another tool that can be used to compensate for the limitations of office measurements.[@CIT0014]

Medication non-adherence is an important and underappreciated cause of apparent resistant hypertension. When medication adherence in hypertensive patients was analyzed using German prescription claims data over the course of 2 years, up to 50% of patients met criteria for non-adherence (defined as a ratio of medication doses dispensed to the dispensing period of \<0.8).[@CIT0015] Failure to recognize medication non-adherence early in the disease course may result in unnecessary testing, complications of polypharmacy, delay inappropriate treatment, and worsen patient outcomes. Multiple studies have demonstrated that a significant fraction of patients referred for resistant hypertension are either partially or completely non-adherent. Hameed et al found that 25 of 50 (50%) of patients with apparent resistant hypertension were in fact not adherent.[@CIT0016] Similarly, when urinary drug metabolites were measured by Tomaszewski and colleagues, 25% of patients were at least partially non-adherent.[@CIT0017] Conversely, when patients with apparent resistant hypertension are placed under controlled medical therapy with direct observation, a significant fraction are able to achieve appropriate blood pressure control.[@CIT0018]

An ideal medication regimen minimizes the number of therapies by using long-acting agents and combination therapies, uses low cost or generic medications, and tries to use agents with lower reported adverse effects. Comorbid conditions that may affect adherence such as alterations in cognitive function or mental illness should also be addressed. It is important for clinicians to always remain mindful of cultural and socioeconomic barriers that increase medication non-adherence. Physician assessment of medication non-adherence is quite poor; in at least one study less than half of patients with identifiable gaps in medication refills were identified as non-adherent by the treating physician.[@CIT0019] This suggests that there is ample opportunity to address medication non-adherence via the integration of electronic medical and pharmacy records, as well as data from ubiquitous-connected "smart" devices. Finally, the medication regimen should be carefully reviewed to identify any potential interfering agents that might cause or exacerbate hypertension ([Table 1](#T0001){ref-type="table"}).Table 1Interfering Medications That Can Cause HypertensionPrescription MedicationsNon-Prescription Medications**Anticonvulsants**Carbamazepine\
**Antidepressants**Monoamine oxidase inhibitorsSelective serotonin and norepinephrine reuptake inhibitors (SSNRI)Tricyclic antidepressants\
**Antineoplastic agents**Alkylating agentsPaclitaxelTyrosine kinase inhibitorsVascular endothelial growth factor (VEGF) inhibitors\
**Antipsychotics**ClozapineThioridazine\
**Calcineurin inhibitors**CyclosporineTacrolimus\
**Contraceptives (estrogen-containing)**\
**Erythropoietin**\
**Glucocorticoids**\
**Mineralocorticoids**\
**Nonsteroidal anti-inflammatory drugs (NSAIDs)**\
**Vasoconstrictors**PhenylephrinePseudoephedrine**Stimulants**AmphetaminesCaffeineCocaineMDMA/Ecstasy\
**Ethanol**\
**Herbal Supplements**Guarana (contains caffeine)Ephedra (also called ma huang)Yohimbine\
**Licorice (glycyrrhizin)**[^1]

Once the patient is determined to have true resistant hypertension, the next step is identification of underlying causes for uncontrolled hypertension. These may be broadly categorized as the detection of various hormonal and vascular disruptors that result in uncontrolled hypertension. The more common among these conditions include chronic kidney disease, primary hyperaldosteronism, and renovascular disease, as well as other less common conditions such as pheochromocytoma.

Chronic kidney disease (CKD) has a significant association with apparent resistant hypertension. In one large cross-sectional study, prevalence of apparent resistant hypertension ranged from 15.8% to 33.4% when estimated GFR changed from ≥60 mL/min to \<45 mL/min.[@CIT0020] Similarly, analysis of data from the Chronic Renal Insufficiency Cohort (CRIC) study showed a prevalence of apparent resistant hypertension of 40.4%.[@CIT0021] While these studies are limited in their ability to distinguish apparent from true resistant hypertension, they nonetheless indicate the potential scope of the problem. Likely etiologies for the increased rate of RH in CKD patients include progressive sodium retention, up-regulation of the renin-angiotensin-aldosterone axis, sympathetic nervous system dysfunction, and increased vascular stiffness and dysfunction. However, the presence of CKD should not preclude investigation for other causes of RH.

Primary aldosteronism (PA) is the most common cause of secondary hypertension in patients with RH. Untreated PA is associated with adverse cardiovascular effects, insulin resistance, and chronic kidney disease.[@CIT0022] Cardiovascular effects are particularly notable: when compared with matched controls with essential hypertension, where PA patients were shown to have an increased risk of myocardial infarction (OR 6.5) and stroke (OR 4.2).[@CIT0023] Screening should be done using measurement of the plasma renin and aldosterone levels, with abnormal findings followed by confirmatory testing. Management of these patients centers on identifying appropriate surgical candidates (who have lateralizable disease) and treatment with mineralocorticoid-receptor antagonists in the remainder.

Obstructive sleep apnea (OSA) is also associated with uncontrolled and resistant hypertension.[@CIT0024] Estimates of prevalence vary widely. One case-control study comparing patients with resistant hypertension to those with controlled BP found that 71% of resistant hypertension patients had OSA compared with only 38% of controls.[@CIT0025] Patients undergoing evaluation should be screened for the possibility of OSA and referred as appropriate for further evaluation via polysomnography. Treatment with CPAP has been shown to reduce BP modestly by approximately 4/2 mm Hg but is more effective and has shown greater reductions in patients with resistant hypertension.[@CIT0026]

Renal-artery stenosis (RAS) is another condition associated with resistant hypertension. It is typically due to atherosclerotic renovascular disease and less commonly due to fibromuscular dysplasia (FMD). Atherosclerotic renovascular disease is associated with older age and the presence of generalized atherosclerosis, whereas FMD is more typically seen in young and middle-aged adults and is more common in female patients. The prevalence of RAS has been shown to be as high as 24.2% in patients with resistant hypertension.[@CIT0027] In this study, the majority of cases were associated with peripheral vascular disease and only 3.5% of patients in whom RAS was identified were found to have FMD. Multiple recent studies have demonstrated that renal artery angioplasty and stenting do not broadly reduce the incidence of cardiovascular or renal disease.[@CIT0028],[@CIT0030] However, there are selected patients who may benefit, such as those with a solitary kidney, recurrent pulmonary edema, recurrent acute kidney injury following introduction of ACE-I or ARB, or otherwise unexplained progressive renal insufficiency.[@CIT0031] Remaining patients should be treated with optimal medical therapy that includes the use of ACE-I or ARBs, a statin, and aspirin.

Evaluation for otherwise unexplained resistant hypertension should also exclude the presence of neuroendocrine tumors such as pheochromocytoma, particularly when suggestive symptoms are present. Note that the absolute prevalence of these disorders is quite rare. A single-center retrospective found that of 104 adrenal lesions identified in patients referred for evaluation of secondary hypertension, only 3 (2.9%) were pheochromocytomas.[@CIT0032] Plasma-free metanephrine levels are the best initial screening test for pheochromocytoma.

Lifestyle Modification {#S0006}
======================

Present guidelines for the management of hypertension recommend lifestyle modifications including limiting dietary sodium intake and increasing potassium intake (such as in the DASH diet), increasing physical activity, and moderating alcohol intake.[@CIT0033] Conversely, the same lifestyle-related risk factors are highly prevalent in patients with resistant hypertension, including obesity, low levels of physical activity, high dietary sodium intake, and excessive alcohol intake.[@CIT0034] There are varying degrees of evidence to support different lifestyle interventions specifically in resistant hypertension. Additionally, the correlation between factors such as dietary intake, exercise, and obesity makes treatment more challenging since there are likely common underlying determinants. The ongoing TRIUMPH trial is investigating the efficacy of integrated lifestyle modification including dietary changes, exercise, and weight reduction in patients with resistant hypertension.[@CIT0035]

Dietary modification in hypertension has conventionally been conceived in terms of limiting sodium intake, but both dietary sodium restriction and increased potassium intake are important interventions for hypertensive patients. Typical dietary consumption of sodium in the United States is 150 mmol/day (3.5 g), far in excess of the 100 mmol/day (2.3 g) recommended in the DASH diet.[@CIT0036] Dietary sodium restriction in patients with resistant hypertension has been shown to have a dramatic impact on blood pressure control. Pimenta and colleagues found a 22.7 and 9.1 mm Hg reduction in systolic and diastolic blood pressure, respectively, when sodium intake was reduced from 250 mmol/day to 50 mmol/day.[@CIT0037] Numerous mechanisms have been proposed to explain the blood pressure-lowering effects of increased potassium intake, including promotion of natriuresis and alterations in endothelial function.[@CIT0038],[@CIT0039] The DASH diet itself recommends the consumption of plant-based foods which are often high in potassium. Multiple meta-analyses have found that increased potassium intake from both food intake and dietary supplementation reduced blood pressure in hypertensive patients with mean reductions in BP of 3.3/3 mm Hg. While the effect was most prominent in studies with high average sodium consumption (greater than 4g/day), blood pressure was still reduced across a range of average dietary sodium intakes.[@CIT0040],[@CIT0041]

Lastly amongst the above dietary factors, alcohol intake has been correlated with severity of hypertension. A large study of Chinese patients found a 2.2-fold increase in hypertension in heavy drinkers (\>30 drinks/week) as compared to non-drinkers.[@CIT0042] Conversely, a meta-analysis of alcohol intake reduction found a mean BP reduction of 3.3/2.0 mm Hg, with a consistent dose--response relationship.[@CIT0043] It is recommended that alcohol consumption be limited to ≤2 drinks per day in males and ≤1 drink per day in females.

Obesity is strongly associated with development of resistant hypertension, as seen in data from successive NHANES surveys where BMI ≥ 30 was independently associated with apparent treatment-resistant hypertension.[@CIT0044] Numerous factors having been implicated in the pathogenesis of obesity-related hypertension, including increased levels of oxidative stress leading to endothelial dysfunction and upregulation of sympathetic activity and renin-angiotensin-aldosterone systems.[@CIT0045],[@CIT0047] Obesity has been associated with increases in measured plasma and urine aldosterone levels.[@CIT0048] Bariatric surgery has been shown to be a successful, long-term treatment of obesity.[@CIT0049] Courcoulas et al found that 3 years post-surgery, 38.2% of Roux-en-Y gastric bypass and 17.4% of laparoscopic banding recipients had remission of hypertension.[@CIT0050] In another study by Schiavon, et al, the prevalence of resistant hypertension in recipients of bariatric surgery (Roux-en-Y Gastric Bypass) was reduced to 0% in the intervention arm compared to the control group which received only medical therapy.[@CIT0051] A notable strength of this study was the use of 24-h blood pressure monitoring for the primary endpoint.

Physical activity has long been thought to be beneficial in the treatment of hypertension and it is recommended that patients engage in at least 30 min of exercise most days of the week. It has been shown that in addition to aerobic exercise, isometric and resistance exercises are all beneficial in BP reduction. A large prospective cohort study by Narayan et al demonstrated that increases in cardiovascular fitness decreased mortality in patients with resistant hypertension. The difference between the most and least fit quartiles (as measured by peak exercise capacity in METs) was found to be 62%.[@CIT0052] Two recent meta-analyses also demonstrated that exercise therapy improved blood pressure control in patients with hypertension. Both meta-analyses included studies using aerobic and/or resistance training.[@CIT0053],[@CIT0054] Data is sparser for patients with resistant hypertension, but aerobic exercise has been demonstrated to lower BP in patients with RH.[@CIT0055] A summary of the different lifestyle modifications and the effects on BP reduction is shown in [Table 2](#T0002){ref-type="table"}.Table 2Expected systolic blood pressure (SBP) reduction in hypertensive patients with lifestyle interventionsModificationRecommendationApproximate SBP ReductionWeight reductionMaintain normal body weight (BMI 18.5--24.9)5--20 mm Hg/10-kg weight lossAdopt DASH eating planConsume a diet rich in fruits, vegetables, and low-fat dairy products with a reduced content of saturated and total fat8--14 mm HgDietary sodium reductionReduced dietary sodium intake to no more than 100 mmol/L (2.3 g sodium or 6 g sodium chloride)2--8 mm HgIncreased dietary potassiumTarget 3500-5000 mg/d4-5 mm HgModeration in alcohol consumptionReduce alcoholic drinks to ≤ 2 drinks/day for men and ≤ 1 drink/day for women-4 mm HgPhysical activity Aerobic Dynamic IsometricEngage in regular aerobic physical activity such as brisk walking (at least 30 min per day, most days of the week)90--150 min/week; 6 exercises, 3 sets/exercise, 10 repetitions/set4 × 2 min (hand grip), 1 min rest between exercises, 3 sessions/week; 8--10 week5--8 mm Hg\
4 mm Hg\
5 mm Hg[^2]

Medical Therapies {#S0007}
=================

Medical therapy for hypertension, resistant or otherwise, must balance the efficacy of treatment along with ease of adherence. As such regimens must be simplified to the degree possible while maintaining potency. Medication regimens should be simplified with once daily dosing if possible and the use of combination therapies. A diuretic should always be part of a multidrug regimen.

Appropriate therapy for these patients should include 3 agents, usually consisting of a calcium-channel blocker, a RAS system inhibitor, and a diuretic at maximally tolerated doses. Important considerations for the latter include diuretic selection and timing of administration. Of the thiazide or thiazide-like diuretics, indapamide and chlorthalidone have been shown to have more potent BP lower effects and should be preferred over hydrochlorothiazide.[@CIT0056] Loop diuretics are preferred agents for treatment of hypertension in advanced CKD however there is emerging data showing that thiazides are also effective at lower GFR and can be combined with loop diuretics.[@CIT0057] Loop diuretics with a shorter duration of action (such as furosemide) should be dosed multiple times daily or substituted for a longer-acting agent such as torsemide.[@CIT0058]

An important component of medical therapy for resistant hypertension is the use of mineralocorticoid-receptor antagonists (MRA), and these agents should be considered when adding a 4^th^ anti-hypertensive agent. Notably, these display efficacies even in patients who do not meet criteria for hyperaldosteronism. An analysis of data from the ASCOT study found that when used as a 4^th^ line agent for RH, spironolactone resulted in a mean BP decline of 21.9/9.5 mm Hg.[@CIT0059] A recent study demonstrated that optimal medical therapy remains under-utilized with respect to both diuretics and MRA, with only 1.9% receiving the former and 5.6% the latter.[@CIT0004]

The PATHWAY-2 study examined the use of MRA in resistant hypertension. This large, multicenter randomized control trial evaluated the use of spironolactone in patients already on a standard 3-drug regimen of a calcium-channel blocker, ACE-inhibitor/ARB, and a diuretic. Patients were randomized in rotating order to 12 weeks of spironolactone, bisoprolol, doxazosin and placebo. Spironolactone was found to be superior to all comparators, resulting in a 9mm Hg reduction in systolic blood pressure compared to placebo, and 5--6 mmHg greater reduction in SBP than bisoprolol or doxazosin. While this effect was most pronounced in patients with suppressed renin levels, it was maintained across all renin levels.[@CIT0060] A sub-study of PATHWAY-2 showed similar results when using amiloride, which inhibits the ENaC channel and thus the downstream effects of aldosterone on the kidney. A notable limitation of amiloride in this application is the inability to prevent adverse effects of excess aldosterone in other organs, such as cardiac fibrosis and hypertrophy.

A potential limitation in the use of MRA therapy is the development of hyperkalemia, particularly in patients with underlying CKD. The AMBER study examined the use of patiromer (a potassium binding resin) to enable use of spironolactone in patients with CKD and resistant hypertension. At the conclusion of the study, 86% of the patients in the patiromer-intervention arm were still on spironolactone, as compared to 66% of patients in the control arm. A concomitant reduction in the incidence of hyperkalemia was observed in the patiromer group.[@CIT0061]

SGLT-2 inhibitors have not been studied in patients with resistant hypertension and have a modest reduction in BP of approximately 4/2 mm Hg but may be particularly important in resistant hypertension considering their impressive reductions in cardiovascular outcomes, heart failure, and the progression of CKD.[@CIT0062] A number of other novel agents are currently being evaluated in the treatment of resistant hypertension and may play a role in future BP lowering regimens. Endothelin A receptor antagonists act to cause vasodilation; members of this class are already in use in the treatment of pulmonary arterial hypertension. Vasopeptidase inhibitors decrease the generation of Angiotensin II and block the degradation of natriuretic peptides. Lastly, aminopeptidase A inhibitors act at the level of central control of the renin-angiotensin system. Further study is needed before any of these agents can be recommended for routine clinical practice.

Device-Based Therapies {#S0008}
======================

Device-based therapies for hypertension have been intensively studied over the past decade and until recently results have not been consistently reproducible for widespread clinical implementation. Recognizing the above limitations in medication adherence and lifestyle modification, an ideal device-based therapy for hypertension, resistant or otherwise, would allow for durable reduction in BP following a single intervention while obviating the need for ongoing pharmacologic therapy. There are multiple approaches currently under development targeting various aspects of physiologic blood pressure regulation.

The first of these is renal denervation (RDN). The renal nerves have both afferent and efferent sympathetic innervation; the efferent fibers to the kidney arise from the sympathetic ganglia and are stimulated via the juxtaglomerular apparatus and are key regulators of the renin-angiotensin-aldosterone system as well as direct renal vascular resistance. Sensory afferent fibers regulate sympathetic outflow to the kidney and control systemic cardiovascular hemodynamics and sympathetic efferent activity. Numerous animal studies have demonstrated dramatic reduction in BP following renal denervation. Early surgical sympathectomy proved to have unacceptable side effects and was abandoned as a viable therapeutic option with the advent of modern anti-hypertensive drugs. Other techniques such as nerve ablation using ethanol have been used in pilot studies.[@CIT0063] However, newer technologies intended for broader human applications have focussed on the use catheter-based ablation of the renal nerves.

An early surge of interest in catheter-based RDN was typified by the proof-of-concept Symplicity HTN-1 study, an open-label trial using catheter-based radiofrequency ablation of the sympathetic plexus via the renal arteries. This study showed an excellent response rate with average reductions in systolic and diastolic BP of 32 mm Hg and 14.4 mm Hg, respectively.[@CIT0064] The follow-on randomized control trial SYMPLICITY HTN-2 showed similarly dramatic reductions in systolic and diastolic BP of 33 mm Hg and 14 mm Hg.[@CIT0065]

This early progress came to a standstill with the negative results of the SYMPLICITY HTN-3 Trial.[@CIT0066] This RCT used the same catheter as the previous studies in the series but introduced a sham procedure for the control group. The results were statistically significant in favor of greater BP reduction in the intervention arm but did not meet pre-specified endpoints for efficacy. In addition, the placebo arm had a substantial reduction in BP. This unexpected outcome resulted in an outpouring of analysis in an attempt to explain the discrepancy given the extremely promising results of earlier studies. This included the confounding effect of anti-hypertensive medication changes, as well as technical limitations in the catheter technology and the experience of the proceduralists, which may have limited the ability to achieve satisfactory nerve ablation.

However, the field is now undergoing resurgence with multiple recent publications. The parallel SPYRAL HTN-OFF MED and SPYRAL HTN-ON MED trials used an updated radiofrequency ablation technology intended to provide more comprehensive sympathetic plexus ablation and included ablation of sympathetic nerves in the main renal artery as well as branch arteries. From the outset, they were designed with the limitations of SYMPLICITY HTN-3 in mind.[@CIT0067] Both trials were conducted in randomized fashion with sham procedures for the controls. The OFF MED trial again demonstrated reduction in both 24-h ABPM and office BP in patients not on medical therapy for hypertension, thus confirming the efficacy of RDN in reducing systemic blood pressure.[@CIT0068],[@CIT0069] The ON MED trial examined the efficacy of RDN in patients already on pharmacologic anti-hypertensive therapy.[@CIT0070] Stringent measures were taken to identify medication adherence, including the use of HPLC-MS screening following enrollment. In addition, medication changes were prohibited unless patients met pre-specified "escape" criteria. A statistically significant reduction in office and 24-h ambulatory blood pressure was seen in the intervention arm.

Similar results were seen in the RADIANCE-HTN SOLO trial which utilized ultrasound ablation.[@CIT0071] Like the SPYRAL HTN studies, the DENERHTN trial also standardized anti-hypertensive therapy in the control and intervention groups before and after randomization. The intervention group was found to have a 5.9mm Hg larger reduction in daytime ambulatory systolic blood pressure.[@CIT0072] Finally, the RADIOSOUND-HTN study evaluated both radiofrequency and ultrasound techniques head-to-head against sham controls, and demonstrated improvement in hypertension across all intervention groups and superior mean BP reduction for the ultrasound-based approach. Collectively, these studies have done much to rehabilitate RDN and permit further research.

There remain many unanswered questions about the viability of RDN. Notably, in all of the above trials the magnitude of mean BP reduction was smaller than in previous animal and human studies, with results on the order of \< 10mm Hg. Speculated reasons for this include less than total renal nerve ablation, albeit with the caveat that all of the above trials used 3rd generation ablative technology. Further variability may have resulted from an inability to control for varying levels of medication adherence.

There is currently no reliable method to detect if adequate nerve ablation was achieved in the clinical setting and this effects responsiveness to the procedure and is an area of active research. Multiple methods for verification of successful RDN are under active investigation include direct neural stimulation, reflex elicitation, and passive monitoring.[@CIT0073] Additionally, there has been speculation that various renal nerves may have either inhibitory or stimulatory effects on renal sympathetic activation; only ablation of the latter would lead to improvement in hypertension and might further explain variability in BP response to RDN. Direct nerve stimulation during RDN offers a method of discrimination between inhibitory and stimulatory fibers and has shown initial promise in animal models as well as small human pilot studies.[@CIT0074],[@CIT0075]

The longevity of the blood pressure reduction remains unknown although the Global SYMPLICITY registry has demonstrated persistent decreases in office and ambulatory BP in patients followed for up to 3 years post-RDN.[@CIT0076] Animal models have shown regrowth of both afferent and efferent sympathetic fibers however this has not been demonstrated in humans after undergoing RDN procedures.[@CIT0077]

Patient characteristics are also crucial to understanding response rates, and studies have found a range of response, from "extreme-responders" to non-responders. This may be explained by the degree to which sympathetic activation is a major driver of hypertension in the individual patient. Persu and colleagues identified an association between lower eGFR and non-response, while women were more likely to be extreme responders.[@CIT0078] Additionally, non-response may arise from inaccurate measurement or confounders such as an unidentified secondary cause of hypertension.

These challenges speak to the ongoing need for further study in order to improve patient selection for these promising technologies, particularly with respect to patients with resistant hypertension in whom these techniques would be most beneficial.

The ROX device is a catheter-deployed arteriovenous shunt system intended to induce a drop in systemic vascular resistance and thereby lower systemic BP. The ROX CONTROL HTN examined the use of a central iliac arteriovenous anastomosis in patients with hypertension. The intervention arm demonstrated 26.9 and 13.5 mm Hg reductions in mean systolic BP measured by ABPM and office BP, respectively.[@CIT0079] However, 29% of patients developed venous stenosis, with further intervention required to ameliorate this. The company has since shut down and no trials are currently being conducted so there are no long-term data available regarding the durability of response.

Lastly, there remains interest in the prospect of electrical stimulation of the carotid baroreceptors. Experimental data from over 50 years ago have demonstrated the possibility of lowering blood pressure by stimulating the carotid baroreceptors via implantable electrodes. The Rheos and Barostim implantable baroreceptor stimulators have completed pilot studies with positive results.[@CIT0080],[@CIT0081] Finally, the MobiusHD device takes a different approach, aiming to amplify carotid stretch signals. An initial pilot study showed positive results, leading to an open-label study that was recently closed due to low recruitment.[@CIT0082]

The use of device-based therapy for resistant hypertension is under active development but only catheter-based RDN and ultrasound ablation seem to have the potential to become incorporated into clinical care due to low patient acceptability and unacceptable side effects of the other devices. These device-based therapies do offer the tantalizing prospect of a paradigm shift in the treatment of particularly resistant hypertension but optimal patient selection is still unclear.

Summary {#S0009}
=======

Resistant hypertension is increasingly recognized as an important area of study and intervention, particularly given the adverse long-term consequences if not appropriately treated. It is important to distinguish apparent resistant hypertension from true resistant hypertension due to incorrect BP measurement or from medication non-adherence. Successful treatment encompasses integrating lifestyle modification, improving medication adherence, and optimizing the use of diuretics and mineralocorticoid-receptor antagonists. Device-based therapies are an emerging category that hold potential promise for the future treatment of resistant hypertension, but their role in the treatment of resistant hypertension is still being defined and they are not currently recommended in routine clinical care.
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